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Abstract—The performance and movement efficiency of pros-
thesis users while traversing a multisectional obstacle course
(OC) were evaluated using a crossover design with random allo-
cation of three prosthetic knee joints: the SNS (CaTech; Dayton,
Ohio) the C-Leg (Otto Bock; Duderstadt, Germany), and the
3R60 (Otto Bock). Twelve users completed the OC twice with
each joint, once without and once with a mental loading task
(MLT). The performance was objectively assessed using time
measurement from digital video recordings, and the Total Heart
Beat Index was used to estimate movement efficiency. A 1 mo
familiarization period was provided for each knee joint before
data collection. It took longer to complete the OC with the 3R60
compared with either the SNS or the C-Leg. No significant time
differences were found between the C-Leg and the SNS, but dif-
ferences between the 3R60 and the SNS (slalom and rock sec-
tions) and between the 3R60 and the C-Leg (rock section) were
observed. Within the simulated sand section, two participants
fell with the C-Leg, one with the 3R60, and none with the SNS.
Movement efficiency without MLT was similar between all
joints, but with an MLT a significant decrease in movement effi-
ciency was observed with the C-Leg. Previous experience using
an SNS had no influence on the results.
Key words: 3R60, C-Leg, maneuverability, mental loading
task, movement efficiency, obstacle course, prosthetic knee
joint, SNS, Total Heart Beat Index, walking.
INTRODUCTION
More and more research is now available that demon-
strates the effect of microprocessor-controlled prosthetic
knee joints on user performance, satisfaction, and experi-
ences. A recent review of the C-Leg (Otto Bock; Duder-
stadt, Germany) summarized these results [1]. Generally,
the majority of available research presents results of studies
with a focus on level and/or indoor walking. There are only
a few studies available that present in-depth analysis of a
particular activity over uneven surfaces, such as obstacle
Abbreviations: ANOVA = analysis of variance, ECG = elec-
trocardiography, MLT = mental loading task, OC = obstacle
course, PCI = Physiological Cost Index, pSNS = previous SNS
experience, SWOC = standardized walking OC, THBI = Total
Heart Beat Index, VA = Department of Veterans Affairs, VAC-
MARL = VA Chicago Motion Analysis Research Laboratory.
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yet many different surface types are encountered during
a single day. Depending on where a person is living, he or
she may encounter different indoor surfaces in his or her
home, such as carpeted, wooden, or tiled flooring. In addi-
tion, indoor stairs made from different materials with dif-
ferent raiser heights and configurations need to be
handled, such as single flight stairs, corner stairs with
multiple flights, or spiral stairs. Once outside the home, the
variety of surfaces increases: in addition to man-made sur-
faces, such as walkways, natural surfaces need to be tra-
versed to participate fully in life activities. Walkways come
in a variety of compositions, such as cobblestones, concrete
slabs, or pebble stones of different sizes, to name a few.
Walkways can be level, inclined, or side-wise elevated, and
their characteristic may change frequently over relatively
short distances. Thus, studying maneuverability on non-
level surfaces is important to many daily activities of pros-
thesis users and can add significantly to the understanding
of possible interactions between walking surfaces and the
performance characteristics of different prosthetic compo-
nents. Clinical experiences strongly suggest that prosthesis
users are sensitive to surface features during walking and
standing. Given microprocessor-controlled knee joints’
range of possible settings and their adaptation to walking
speed, uneven terrain may be a domain where they pro-
vide superior maneuverability than passive, mechanically-
controlled prosthetic knee joints. In particular, we were
interested in determining how one of the microprocessor-
controlled prosthetic knee joints available on the market,
the C-Leg, performed when prosthesis users walked over
uneven surfaces. Because different surfaces may have
different effects on maneuverability, an OC was devel-
oped with a number of different independent sections.
Such a setup allowed for an analysis of possible interac-
tions between walking surface and maneuverability in
each section.
We only found a single published study that carefully
analyzed the performance of users of transfemoral pros-
theses while they traversed an OC with different walking
surfaces. Seymour et al. analyzed the C-Leg’s perfor-
mance on a standardized OC [2]. The validated stan-
dardized walking OC (SWOC) originally developed by
Taylor and Gunther [6] was used. At the start of the
SWOC, the participant sat in a chair with arms, then
stood up, walked several feet straight ahead, turned right,
stepped over an axillary crutch, continued walking,
turned left, and walked across a multicolored mat. A
right-turn followed, after which the participant navigated
around a large kitchen trash can, followed by a walk
across a heavy shag rug. The SWOC was completed
when the participant sat down on an armless chair placed
at the end of the course. Study participants completed the
SWOC under two conditions: (1) hands free and (2) with
a weighted laundry basket (4.5 kg) using their previous
nonmicroprocessor knee joints and their current C-Legs.
Under the hands-free condition, the participants com-
pleted the SWOC significantly faster with the C-Leg than
with the previous knee joint, taking significantly fewer
steps and producing significantly fewer step-offs. No
stumbles were recorded with either knee joint. Under the
weighted laundry basket condition, no differences were
observed between the knee joints except in one variable:
total time taken to complete the SWOC was shorter with
the C-Leg than with the nonmicroprocessor knee joints.
Perhaps more differences between the knee joints would
have been observed if the considerably different dura-
tions of prior experience with the C-Leg had been con-
trolled for. Prior experience with the C-Leg varied
between 2 and 44 months. Seymour et al. also measured
oxygen consumption of subjects walking on a treadmill
(CardioO2/EGG Exercise System, Medical Graphics
Corporation; St. Paul, Minnesota), but not while partici-
pants ambulated on the SWOC [2].
The purpose of our study was to evaluate the maneu-
verability and movement efficiency of transfemoral pros-
thesis users traversing an OC with defined surface
characteristics while wearing three different prosthetic knee
joints: the C-Leg, the SNS unit (CaTech; Dayton, Ohio),
and the 3R60 prosthetic knee joint (Otto Bock). Based on
the documented favorable user perceptions of microproces-
sor-controlled prosthetic knee joints [7], we hypothesized
that OC performance with the C-Leg would be best, i.e.,
that persons using the C-Leg would traverse the OC in the
shortest time. We also hypothesized that movement effi-
ciency with the C-Leg would be highest since it has been
previously reported that microprocessor-controlled knee
joints reduce metabolic energy expenditure in the lower and
self-selected speed range [8–9].
METHODS
Participants’ Eligibility Criteria
Persons with transfemoral amputation, between 40
and 60 years old, with a body mass less than 125 kg
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included if they presented with no serious complications
that interfered with their walking ability, had 6 or more
months of experience with a definitive prosthesis, were
able to walk unassisted (i.e., independently, no crutches
or walking aids) at a comfortable speed without undue
fatigue and without health risk, and were able to negoti-
ate stairs. Individuals whose prostheses demonstrated a
poor socket fit were excluded from the study. 
Fitting of Test Prosthesis and Study Design
A test prosthesis was fabricated for each participant
using a duplication of his or her current prosthetic socket
and a Dynamic Plus foot (Otto Bock), a foot approved
by the manufacturer to be used in combination with the C-
Leg. The three knee joints used for this study were (1) the
Otto Bock C-Leg, a fluid-controlled single-axis prosthetic
knee joint whose onboard microprocessor controls stance
and swing phase; (2) the 3R60 prosthetic knee joint from
Otto Bock, a multi-axis fluid-controlled prosthetic knee
joint with a mechanical swing-phase control only; and
(3) the Mauch SNS prosthetic knee joint from CaTech, a
single-axis fluid-controlled knee joint whose swing- and
stance-phase damping are mechanically controlled [10].
Participants wore each prosthetic knee joint for an accom-
modation period of 4 weeks before testing [11]. The study
had a crossover design; after each testing session, the cur-
rent prosthetic test knee joint was exchanged with the next
test knee joint and aligned by an experienced prosthetist
before the participant was sent home for the next accom-
modation period. Throughout the dynamic alignment ses-
sion, participants received verbal instruction on how to use
the current test joint appropriately. For the C-Leg, how-
ever, the participants received additional written instruc-
tions in the form of an information brochure from Otto
Bock about the C-Leg. All participants received the same
information. Dynamic alignment was carried out on a level
walking surface using observational gait analysis, as is
common in general clinical practice. Dynamic alignment
and instructions were given by the same prosthetist and
continued until both the participant and the prosthetist
were confident that the knee could be used dynamically
and without undue anxiety by the subject. For the duration
of the accommodation period, study participants were
encouraged to contact the prosthetist any time for addi-
tional fine-tuning. None of the study participants requested
additional fine-tuning sessions. The sequence of fitting the
three knee joints was randomized.
Determination of Variables
The two main outcomes of the study were (1) time as a
measure of OC performance and (2) Total Heart Beat Index
(THBI) [12] as a measure of movement efficiency. The time
to complete the OC was used as a measure of performance
for the different prosthetic knee joints. In addition, any falls
were recorded. The THBI is a validated index of movement
efficiency in children with cerebral palsy. This index was
chosen for its strength of measuring movement efficiency
without the need to reach a plateau heart beat as is required,
for example, with the Physiological Cost Index (PCI). In
our case, completing the OC required a relatively short
time, a period that was insufficient for subjects to reach
steady heart rate and thus excluded the use of the PCI. The
THBI is calculated by dividing the total number of heart
beats measured over a specified time period by the total dis-
tance traveled during that time. As THBI increases, move-
ment efficiency decreases.
Experimental Protocol
Study participants were asked to complete the OC
twice: first without a mental loading task (MLT) and then
with an MLT. For safety reasons, all participants started
without the MLT. The OC was set up in the Department of
Veterans Affairs (VA) Chicago Motion Analysis Research
Laboratory (VACMARL). It consisted of seven sections:
(1) a foam section (3 m long, 1 m wide, and 15 cm high
with a 20 Durometer on a shore A scale), (2) a narrow sla-
lom section around three chairs each measuring 0.58 m
across and spaced equally at a distance of roughly 0.5 m,
(3) a vacuumized beanbag section simulating sand (3 m
long, 1 m wide), (4) a rock section (3 m long, 1 m wide;
field rocks of different sizes and shapes, average rock size
roughly fist-size), (5) a short sloping ramp (1.5 m long,
1.4 m wide, 5° downward angle), (6) a 90° left turn, and
(7) a final stair step (height: 12 cm). A handrail on the
left-hand side was present for both the ramp and the step
section. The OC measured a total length of 23.2 m from
start to finish (Figure 1).
The MLT consisted of an arithmetic calculation in
which the participant was required to count vocally back-
ward in 3-step decrements using the first knee joint during
the first visit, in 7-step decrements using the second knee
joint during the second visit, and in 3-step decrements using
the third knee joint during the third visit. As previously
mentioned, the knee joints were randomly assigned. The
three-digit MLT starting number was specifically selected
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zero or negative numbers before completion of the trial.
The MLT for visits 1 and 3 had the same starting number;
the MLT for visit 2 started with a higher number because of
the larger arithmetic step decrement required during this
visit. All participants received the same starting numbers.
No specific information was given to the participants other
than to perform the MLT while traversing the OC. Time
was objectively determined from a digitized videotape
recording (Sony Super Steadyshot miniDV Handycam
Vision; Tokyo, Japan) of the participants navigating the
OC, allowing for time assessment of the different sections
as well as the entire OC (resolution of 0.033 s between
video frames). No familiarization run was allowed and no
encouragement was given, nor were the participants
informed that their traverse time was being measured. The
instructions given were simply to complete the OC. To
demonstrate the navigation path, the lead investigator
walked the OC once as the participant watched. However,
she did not walk over the beanbag section in order to avoid
any visual feedback to the participants prior to their own
experience. During the MLT run, the numbers spoken by
the participants were recorded manually. Participants were
aware that their answers were noted.
Each participant’s heart rate was monitored using a
Polar S610 heart rate monitor (Lake Success, New York).
For heart rate analysis, the data were transferred from the
receiver unit (wrist watch) to a computer and processed
to extract the relevant heart rate. The heart rate monitor
did not allow remote adding of tags into the data stream
to delineate particular OC segments. Hence, the heart rate
over the entire OC was analyzed instead of over the indi-
vidual OC sections.
Statistical Analysis
A two-factor repeated measures analysis of variance
(ANOVA) was used with task (without MLT, with MLT)
and joints (3R60, SNS, C-Leg) as fixed factors and sub-
jects as a random factor. The diagnostics for this paramet-
ric ANOVA model were satisfactory for all parameters.
The dependent “time taken” variables during the beanbag
and rock sections of the OC were determined to have
skewed distributions; hence, a logarithmic (base 10) trans-
formation was carried out and one (same subject) of the
three outliers was removed in order to satisfy the paramet-
ric model. An outlier was regarded as a data point that lay
beyond three standard deviations of the mean. The variable
“total time” to complete the OC satisfied the model with-
out transformation once the outliers were disregarded.
Where necessary, post hoc analyses were performed using
Bonferroni corrections to account for multiple compari-
sons. Because 50 percent of the participants had used an
SNS unit prior to study entry, we decided to test if previous
experience with the SNS unit had an influence on the
Figure 1.
Overview of obstacle course (OC) setup within laboratory. Foam
section (1 m wide, 3 m long, 15 cm high), slalom section around
three chairs, vacuumized beanbags to mimic sand (1 m wide,
3 m long), rock section (1 m wide, 3 m long), ramp (1.4 m wide,
1.5 m long, 5° downward slope), corner (90° left turn) and step
(12 cm high). Two video cameras were set up in such a way that
entire OC could be filmed, allowing time measurements for each
section.
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ous SNS experience (pSNS) and non-pSNS users (persons
who did not have previous experience with the SNS). To
test for any significance of this new variable, a third factor
was added to the previous model and the analysis was
repeated, this time as a three-factor repeated measures
ANOVA. This reanalysis reduced the significant level to
0.02. Paired comparisons between no-MLT and with-MLT
within each joint type were assessed using Wilcoxon
signed rank tests given the skewed distributions of the
variables. All tests were completed using the statistical
software SPSS 15.0 (Chicago, Illinois).
RESULTS
A total of 24 participants were enrolled in the study.
However, eight did not come in for either their initial
appointment or the first testing session, two participants
dropped out, and two asked to be withdrawn from the
study. The final sample size of 12 participants was com-
posed of 2 women and 10 men. All participants were
experienced prosthesis users whose amputations occurred
on average 21 years previously (±15.8 yr), primarily as a
result of a traumatic incident. Participants’ characteristics
are summarized in Table 1. Participants used a variety of
different prosthetic components, with the CaTech SNS the
most commonly used prosthetic knee joint in this study
sample (Table 2).
Analyses of the total time taken to complete the OC
revealed that joint (p < 0.001) and task (p = 0.04) had a
significant influence on the total time participants spent
completing the OC (Figure 2). However, the interaction
between joint and task was not significant (p = 0.71),
indicating that both were independent factors.
A detailed analysis of each OC section indicated that
within the foam section only joint (p = 0.01), not task (p =
0.32), had a significant influence on the time required for
participants to complete the section. There was a signifi-
cant difference between the 3R60 and the C-Leg (p =
0.03), with the participants walking slightly slower with
the 3R60 (6.16 ± 2.18 s) than the C-Leg (5.67 ± 2.19 s).
However, no significant differences were found between
the 3R60 (6.16 ± 2.18 s) and the SNS (5.82 ± 2.22 s) (p =
0.32) or between the C-Leg (5.67 ± 2.19 s) and the SNS
(5.82 ± 2.22 s) (p = 0.97). Also, there was no statistically
significant interaction between joint and task (p = 0.07).
Task had no influence on the time needed to complete
the slalom section (p = 0.12). There was also no interaction
Table 1.
Participants’ sociodemographic data (n = 12).
Category Value
Sex (n)
   Female 2
   Male 10
Ethnic Background (n)
   African American 3
   Caucasian 9
Age, yr (Mean ± SD) 46 ± 8.6
Height, m (Mean ± SD) 1.76 ± 0.08
Weight, kg (Mean ± SD) 82.0 ± 13.5
Years Since Amputation 21 ± 15.6
Reason for Amputation (n)
   Congenital 2
   Infection 2
   PVD 1
   Traumatic 7
      Car Accident (inside vehicle) 4
      Car Accident (outside vehicle) 1
      Gunshot 1
      Work Accident 1
PVD = peripheral vascular disease, SD = standard deviation.
Table 2.
Description of participants’ prosthesis prior to study entry (n = 12).
Prosthesis n
Prosthetic Feet
   Ceterus 1
   C-Walk 1
   Endolite Multiflex 1
   Flex-Reflex 1
   Flex-Walk 1
   Pathfinder 1
   SACH 2
   Seattle Light 1
   Single-Axis (name unknown) 1
   Total Concept 1
   Other 1
Prosthetic Knee
   Otto Bock C-Leg 1
   Otto Bock Constant Friction 1
   SNS CaTech 6
   Teh Lin Graph-Lite 5-Bar 1
   Össur Total Knee 2
   Other 1
Prosthetic Socket
   IC-Type 9
   Quad-Type 3
IC = ischial containment, SACH = solid ankle cushion heel.
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have an influence on the time needed to complete the sla-
lom section. There was a significant difference (p = 0.05)
in the time between the 3R60 (7.75 ± 2.16 s) and the SNS
(6.93 ± 2.42 s), with participants completing the slalom
section slightly faster while wearing the SNS than while
wearing the 3R60. No statistical differences were found
between the 3R60 (7.75 ± 2.16 s) and the C-Leg (6.99 ±
2.61 s) (p = 0.06) or between the C-Leg (6.99 ± 2.61 s) and
the SNS (6.93 ± 2.42 s) (p = 0.99).
While maneuvering the beanbag section, three partici-
pants (25%) fell when no MLT was applied. At the time,
two of the fallers were using the C-Leg and the third was
using the 3R60. No falls occurred when participants
walked with the SNS unit. Participants who fell previously
did not fall during the second round when the MLT was
applied. Task had a significant influence on the time
needed to complete the beanbag section (p = 0.001), with
all participants walking significantly faster when the MLT
was applied (Figure 3). However, joint had no statistical
effect on completion time (p = 0.09). No interaction
existed between joint and task (p = 0.99).
Within the rock section, task (p = 0.45) and the inter-
action of task and joint (p = 0.39) had no statistically
significant influence on completion time. However, joint
was determined to have an influence with significant dif-
ferences in completion times between the 3R60 and the
SNS (p = 0.01) and between the 3R60 and the C-Leg (p =
0.002). Participants required 7.24 ± 3.65 s to complete the
rock section when fitted with the 3R60, but only required
5.64 ± 2.69 s when fitted with the C-Leg. No statistical
difference existed between the SNS (6.15 ± 3.73 s) and the
C-Leg (5.64 ± 2.69 s) (p = 0.99) (Figure 4).
No statistical differences were recorded between task
(p = 0.16), joint (p = 0.05), or their interaction (p = 0.84) for
the ramp section. The same applies for the corner and step
sections (Figure 5, Table 3).
Based on prior use of the SNS unit (50% of the study
participants had an SNS prior to study entry, Table 2), the
variable pSNS was created by splitting the sample into two
groups based on evaluation of participants’ previous expe-
riences. There were no statistically significant effects of
pSNS on any of the OC sections or on total time. Also, all
interactions of pSNS with task and pSNS with joint were
statistically insignificant. Thus, previous experiences with
an SNS unit did not appear to have had an influence on the
measured outcomes (Table 4).
Task had an overall significant effect on the THBI (p =
0.02), but joint did not (p > 0.99), suggesting that the type
of knee joints participants were using when completing this
Figure 2.
Total time taken to complete obstacle course (OC). Time differences between tasks (with mental loading task [MLT] and no MLT)
were significant only with SNS unit. Time differences exist only between 3R60 and C-Leg and between 3R60 and SNS. Participants
maneuvering OC with C-Leg had similar time as when they were maneuvering OC with SNS. Actual and not transformed data are
shown. p-Value associated with univariate analysis of variance. §p-Value associated with Wilcoxon signed rank test.
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efficiency. The interactions between task and joint (p =
0.43), pSNS and task (p = 0.06), and pSNS and joint (p =
0.15) were all statistically insignificant, demonstrating that
task alone seems to be responsible for the differences in
THBI, irrespective of either knee joint type or previous
experience with an SNS unit (Figure 6).
A Wilcoxon signed rank revealed that participants
wearing the C-Leg demonstrated a significant increase in
THBI (p = 0.047) when walking with the MLT (Figure 6),
indicating a reduction in movement efficiency with the C-
Leg when subjects performed the MLT. A similar pattern
was observed with the 3R60, but the THBI increase was
not statistically significant (p = 0.16). The result for the
SNS knee joint was unexpected: participants completing
the OC with the MLT demonstrated a decrease in THBI,
indicating an increase in movement efficiency. However,
this difference was not statistically significant (p = 0.25).
DISCUSSION
Neither hypothesis—(1) OC performance would be
best with the C-Leg, or (2) movement efficiency would be
highest (lowest THBI) with the C-Leg—was supported by
the results of our study. Statistically significant differ-
ences were observed only between the 3R60 and the C-
Leg and/or the 3R60 and the SNS, but not between the C-
Leg and the SNS. That is, participants completed the OC
equally fast while walking with the SNS and the C-Leg.
A substantial ambulation challenge was observed
within the beanbag section of the OC. Three falls occurred
during the participants’ first round of the OC (without
MLT): two falls occurred in participants wearing the C-
Leg, one with the 3R60, and none with the SNS. The falls
occurred in three subjects: two who were 54 years old and
one who was 62 years old. All three had different etiologies
of amputations (1 traumatic, 1 peripheral vascular disease,
1 infection), and had their amputations 3, 28, and 6 years
prior to testing, respectively. We concluded that the falls
were not due to the participants’ characteristics, but were
likely elicited by a combination of the particular knee joint
they were using during that trial and the challenges
imposed by the compliant surface they were traversing at
that time. This finding is in contrast with other previously
reported data. Hafner et al. obtained subjective feedback
from prosthesis users who perceived a reduction in stum-
bles and falls while walking with the C-Leg compared with
Figure 3.
Beanbag section—Influence of task on performance. All participants completed this section significantly faster when mental loading
task (MLT) was applied. p-Values are associated with Wilcoxon signed rank test and Bonferroni correction to take into account mul-
tiple testing. Actual and not transformed data are shown.
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there may be some terrain conditions that can make C-Leg
users more prone to falls. The C-Leg requires a minimum
forefoot loading of 66 percent body weight in late stance to
trigger a reduction in knee flexion resistance, permitting
knee break and initiating swing phase [13]. But this
required loading appears to be difficult to achieve on sur-
faces that have higher compliance (i.e., lower stiffness),
such as in the case of the beanbag section of the OC. When
prosthesis users walk on relatively compliant surfaces, the
C-Leg may remain extended in late stance phase when the
knee joint should begin flexing in preparation for swing,
leading to stumbles or falls. Therefore, the compliance is
believed to have been the primary contributing factor to
why the participants’ falls occurred in the beanbag section.
Frame-by-frame analysis of the video recording as those
subjects traversed the beanbag section indicated that the ini-
tiation of the C-Leg’s swing phase either did not occur or
occurred at an inappropriate time, thus directly contributing
to the falls. Although the manufacturer’s specified require-
ment for knee break to occur in late stance is at a minimum
of 66 percent body weight loading on the “forefoot,” the C-
Leg actually monitors an external dorsiflexion torque on
the pylon. Even though the participants likely placed full
body weight on their prosthesis when traversing the bean-
bag section, the compliant surface may not have permitted
the center of pressure of the ground reaction force to suffi-
ciently progress anterior under the prosthetic foot and cre-
ate a sufficient lever arm to enable the ankle joint torque to
reach the minimum threshold. In spite of our observations,
it is possible that subjects in the Hafner et al. study actually
experienced a lower incidence of stumbles and falls
because they may not have encountered these types of com-
pliant surfaces while using the C-Leg [5]. Therefore, we
acknowledge that the C-Leg may improve stability in par-
ticular situations that would normally cause stumbles or
falls with some mechanical knees. Nonetheless, our study
provides additional information that is relevant for clinical
use. If a patient routinely encounters compliant surfaces
during his or her everyday use of his or her prosthesis, a
Figure 4.
Rock section—Influence of joint on performance. Only joint had significant influence on participants’ performance during this section;
significant differences were found between 3R60 and SNS and between 3R60 and C-Leg, but not between C-Leg and SNS. Actual
and not transformed data are shown. ‡p-Value associated with univariate analysis of variance. MLT = mental loading task.
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the prosthesis may need to be adjusted to reduce the risk of
falls. The absence of falls during the MLT (the second trial
across the OC) is most likely attributable to the learning
effect by the subjects. The falls experienced by the users
during their first trials on the OC may have made them par-
ticularly wary and cued them on how to react to these sec-
tions on subsequent trials to prevent additional falls.
It could be argued that the beanbag section is not rep-
resentative of walking surfaces encountered in real life.
However, the authors have heard anecdotal first-hand
accounts from prosthesis users of stumbles occurring on
soft terrains while walking with the C-Leg because of the
inability of the knee to flex in late stance phase for swing.
More research is required to determine the interaction of
surface compliance and the function of microprocessor-
controlled knees in the late stance phase/early swing
phase. Similarly, manufacturers are encouraged to care-
fully review and evaluate the control algorithms pro-
grammed into their microprocessor-controlled knees and
consider the effect of surface stiffness and uneven ter-
rains on knee function and performance.
The time differences in the rock section were attribut-
able only to the different knee joints. When participants
were walking with the C-Leg, they were able to complete
this section fastest, although there was not a significant dif-
ference in times between the C-Leg and the SNS. It could
Table 3.
p-Values* for last three sections of obstacle course.
Factor Ramp Corner Step
Joint 0.05 0.36 0.08
Task 0.16 0.09 0.95
Interaction Between 
Joint and Task
0.84 0.96 0.61
*Associated with two-factor analysis of variance.
Joint (3-levels: 3R60, SNS, C-Leg), Task (2-levels: no mental loading task
[MLT], with MLT).
Figure 5.
Ramp, corner, and step sections—Influence of task/joint on performance. Neither joint, task, nor interaction had significant influence on
participants’ performance during these three sections (see Table 3 for details). MLT = mental loading task, OC = obstacle course.
Table 4.
Effect of previous SNS experience (pSNS) and interactions on OC.
OC Section p-Value
*
pSNS pSNS × Task pSNS × Joint
Foam 0.41 0.72 0.96
Slalom 0.62 0.43 0.67
Beanbag 0.02 0.81 0.29
Rock 0.02 0.78 0.56
Ramp 0.56 0.05 0.22
Corner 0.20 0.35 0.77
Step 0.19 0.36 0.18
Total Time 0.30 0.71 0.57
*Associated with three-factor analysis of variance: pSNS (2-levels: Yes, No).
Note:  = 0.017; adjustment of significant level was necessary due to re-analysis
of data. See text for further details.
Joint (3-levels: 3R60, SNS, C-Leg), Task (2-levels: no mental loading task
[MLT], with MLT).
OC = obstacle course.
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this result. Effects of different surfaces on gait have been
analyzed in young and elderly populations [14–19]. Irregu-
lar surfaces and obstacle-clearing tasks increase the vari-
ability of gait parameters, widening step width and length
in all age groups and necessitating compensatory move-
ments. In addition, as the task becomes more complex, the
time required to complete the task increases independent
of age group. Few publications report the effect of dif-
ferent surface types on the gait of people wearing prosthe-
ses [5,20]. In general, previous work has concentrated on
determining the effect of different prosthetic knee joints on
walking performance, but they have generally provided no
clear indication of how a particular knee joint affects
maneuverability [5]. Yang et al. demonstrated that persons
with transfemoral amputations are at higher risk of falling
irrespective of the type of surface they encounter and
independent of whether a slip occurs on the prosthetic or
nonamputated side [20]. A cursory comparison of results
from the current study with one that investigated nondis-
abled elderly subjects walking over a similar obstacle
course [19] revealed that the transfemoral prosthesis users
required approximately twice as much time to walk over
uneven terrain than the nondisabled elderly despite being
28 years younger on average. Perhaps a different approach
in gait training focusing on how uneven terrain can suc-
cessfully be managed—emotionally, psychologically, and
physically, irrespective of the fitted knee joint—would
produce the desired outcome, which is a successful naviga-
tion irrespective of a person’s age [21].
Within the ramp, corner, and step sections, partici-
pants maneuvered similarly regardless of the knee joint
used. These results suggest that neither task nor joint type
influenced the time required to traverse these sections, as
no significant differences were observed. However, the
different sections may have been too close together and/
or too short in length to discriminate discernible differ-
ences within the variables analyzed.
Hafner et al. compared the C-Leg with nonmicroproces-
sor-controlled knee joints and reported nonsignificant
results when participants walked on uneven ground at their
self-selected walking speed [5]. Their results suggested
that the C-Leg may be beneficial for participants while
negotiating uneven terrain since their walking time to com-
plete the OC tended to decrease. It would be interesting to
know how the participants ambulated with the two knee
Figure 6.
Total Heart Beat Index (THBI), estimate for movement efficiency. Unexpected slight, but statistically significant, increase in THBI
(i.e., decrease of movement efficiency) between tasks was detected with C-Leg. No significant overall differences were observed
between joints. p-Value associated with Wilcoxon signed rank test. MLT = mental loading task
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these participants navigated over a combination of level
grass, wood chips, sand, a cement ramp, and stairs [5].
In contrast to Hafner et al.’s findings, Seymour et al.
reported that only the total time taken to complete the
SWOC was significantly lower with the C-Leg, and this
under both conditions: hands-free and carrying a 4.5 kg
laundry basket [2]. All other parameters became nonsig-
nificant during the loaded condition. These latter results
suggest that the differences between nonmicroprocessor-
controlled knee joints and the C-Leg diminish under
more demanding walking circumstances, results that
seem to be supported through our study.
We observed a significant increase in THBI for the
MLT condition compared with the no-MLT condition for
persons using the C-Leg, suggesting that the C-Leg
reduced movement efficiency when participants were
subjected to an MLT. THBI is calculated by measuring
heart beats per meter; hence, the THBI increase is attribut-
able to higher heart rates only since the length of the OC
did not change from one trial to the next. The reasons for
this significant increase in heart rate during the MLT with
the C-Leg are not known.
All participants completed the OC faster the second
time when MLT was administered. The lack of randomiza-
tion may have led to faster times with the MLT based on
the users’ prior experience with the OC. However, these
times were not significantly different than the times to
complete the OC without the MLT, but there were trends in
this direction. There were no falls recorded during the
MLT round. Falling may not have occurred with the MLT
because it was always administered during the second
pass, and therefore participants would anticipate and know
how to accommodate those sections that caused them to
fall without the MLT. It is unlikely that the faster walking
speeds during the MLT trials (second round) of the OC
were responsible for the increased THBI for the C-Leg.
Times to complete the OC were not significantly reduced
for the MLT condition with any of the knees, but only the
C-Leg resulted in a significantly higher THBI (lower
movement efficiency) when participants traversed the
course with the MLT.
STRENGTHS AND LIMITATIONS OF STUDY
The internal validity of the study design, notably of the
prosthesis itself, was controlled through the fabrication of
a test prosthesis that incorporated a duplication of the par-
ticipant’s current socket using standard techniques (with-
out any objective measures to confirm the duplication).
The same prosthetic foot was used for all three knee types
tested. Additional control of confounding variables was
achieved by having the same prosthetist fabricate, fit, and
align the test prostheses and adjust the knee joints. There-
fore, the only difference in the prostheses between testing
conditions was the prosthetic knee joint, enabling greater
confidence that the differences observed in the outcome
measures could be solely attributable to the knee type.
The duration of accommodation time with different
prosthetic knees varies greatly between previous studies,
ranging from approximately 10 hours [22] to 32 weeks [5].
English et al. reported that, after replacing the prosthetic
knee joint in a single transfemoral prosthesis user, the sub-
ject’s gait-related parameters stabilized after 1 week [11].
However, English et al. recommended that for research pur-
poses a minimum of 3 weeks be used for subject accommo-
dation [11]. Therefore, we decided to provide participants
with a 4 week accommodation period, but this still may not
have been sufficient for them to fully accommodate to a
more complex knee joint like the C-Leg and to realize all of
the potential benefits that it is claimed to afford.
The setup of the OC within a laboratory environment
has both notable strengths and limitations. All of the OC
sections were intentionally constructed to achieve a spe-
cific challenge and did not necessarily reflect those partic-
ular surfaces subjects were likely to encounter in everyday
life. This setup allowed for an objective time assessment
for all participants under similar conditions (i.e., no
weather influences and an even distribution of light, tem-
perature, and surface properties) that otherwise would not
have been possible if a real-world OC setup have been
used. However, the sections of the OC were relatively
short, making accurate determinations of traverse times on
each section more difficult. Ideally, an OC should be con-
structed that requires subjects to spend longer walking on
each surface type, making differences in prosthetic knee
performance easier to discern.
The movement efficiency measured by the THBI may
also have some limitations. We deliberately designed our
protocol to measure only a single trial of each condition
(i.e., without MLT and with MLT) to simulate a “real-life”
situation of the prosthesis user encountering different
walking conditions he or she may not have previous expe-
rienced or received adequate training for. We were con-
cerned that, if subjects were permitted multiple trials with
each knee type, the results would reflect a potential order
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tion. Additionally, we chose to use a single OC trial for
each knee joint because we did not want to fatigue the par-
ticipants, which potentially would have affected their
performance during subsequent trials. This choice may
have influenced the results since repeated measures would
have made the data analysis more robust. Another limita-
tion with the measured heart beats was that the Polar
model estimated the number of heart beats by first calcu-
lating a heart rate over a 5 s time interval. If we had used
full electrocardiography (ECG), then we could have meas-
ured the number of heart beats directly and observed how
the rate changed from one OC section to the next. None-
theless, differences in the results obtained by collecting a
continuous record of ECG compared with averaging the
heart rate over 5 s intervals presumably would be small.
The MLT test that was employed, although widely
recognized and used in cognitive and behavioral studies
[23–26], may have inadvertently introduced a bias affect-
ing subject performance. In particular, this type of MLT
may favor people with greater mathematical competency.
However, because we used the MLT to distract partici-
pants’ attention from the walking activity, the effect of
this possible bias is considered minimal.
The relatively small sample size of 12 participants is a
potential limitation of our investigation since it is possible
that the study is underpowered. On the other hand, a larger
sample size may have simply confirmed our results and
indicated few, if any, statistically significant differences
between variables. Future studies of this type should aspire
to greater numbers of research subjects, possibly by con-
ducting multicenter trials. However, doing so would poten-
tially weaken the internal validity of such a study since
more study personnel would be involved in similar roles.
Nonetheless, feasible protocol designs must weigh the pros
and cons of these types of collaborative efforts that could
provide valuable information to increase our knowledge
base, positively effect clinical practice, and ultimately
improve quality of care for the prosthesis user.
CONCLUSIONS
Participants performed similarly on the ramp, corner,
and step sections of the OC for the different test conditions.
That is, no statistically significant differences were found
between the different prosthetic knee joints or for the tasks
undertaken. Within the foam, slalom, and rock sections,
only knee joint type had an influence on the subjects’
performance. During these sections, participants fitted with
the C-Leg performed consistently similar to when they
were fitted with the SNS. The beanbag section (i.e., simu-
lated sand section) was the only section in which the MLT
alone had a significant influence regardless of the prosthetic
knee joint fitted. In other words, while the knee joint type
had no effect on performance, participants were observed to
walk significantly faster during the MLT. Two falls
occurred with the C-Leg on the beanbag section, and one
occurred with the 3R60. All falls are believed to be attrib-
utable to the relatively higher surface compliance, which
appears to be an important factor that adversely affects
a prosthesis user’s ability to stabilize and control some
prosthetic knee joints that provide stance control. A
roughly 10 percent increase in THBI (i.e., decreased
movement efficiency) was observed in participants wear-
ing a C-Leg when completing the OC with an MLT. This
increase in THBI for the C-Leg was statistically significant.
The THBI was observed to be similar with and without
MLT while participants walked with the 3R60 and the SNS.
The C-Leg’s reduced movement efficiency when partici-
pants walked with an MLT has clinical relevance, as many
tasks in daily life are performed in parallel, such as walking
and talking. Based on these results, such a task would
potentially fatigue a person to a greater extent while wear-
ing a C-Leg than while walking with either the 3R60 or the
SNS knee. Additional studies are required to better under-
stand the prosthesis user’s psychological influence on per-
ception and performance while walking on different
terrains, enabling the identification of specific improve-
ments to knee joint designs and to the development of more
effective gait training protocols.
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